BACKGROUND: Patients diagnosed with hereditary hemorrhagic telangiectasia (HHT) are at risk of developing intracranial arteriovenous malformations (AVM). However, the clinical manifestations and natural history of HHT-related AVMs remain unclear due to the rarity of these lesions. OBJECTIVE: To clarify the clinical characteristics and hemorrhagic risk in HHT-related AVMs. METHODS: We performed a retrospective review of all patients diagnosed with both HHT and intracranial AVMs who were evaluated at our institution from 1990 to 2013. Patients with missing data or lost to follow-up were excluded. Baseline characteristics and subsequent hemorrhagic risk were evaluated. RESULTS: In an AVM database of 531 patients with 542 AVMs, a total of 12 HHT patients (2.3%) with 23 AVMs were found. Mean age at diagnosis was 36.5 years, with 41.7% male. Compared to patients with sporadic AVMs, patients with HHT were less likely to present with ruptured AVM (P = .04), headaches (P = .02), and seizures (P = .02), and presented with better modified Rankin scores (P , .01). HHT-related AVMs were smaller in size (P , .01), of lower Spetzler-Martin grade (P = .01), and had less temporal lobe involvement (P = .02) compared to sporadic AVMs. Six HHT patients (50.0%) were found with multiple intracranial AVMs. One hemorrhage was found during an observation period of 149.6 patient-years and 297.5 lesion-years, translating to 1.3% per patient per year or 0.7% per AVM per year. CONCLUSION: HHT-related AVMs are smaller in size with lower Spetzler-Martin grade and less temporal lobe involvement than sporadic AVMs. Patients with HHT frequently present with multiple intracranial AVMs. Conservative management is generally recommended due to lesion multiplicity and relatively low hemorrhagic risk.
H ereditary hemorrhagic telangiectasia (HHT) is a rare autosomal dominant disease characterized by epistaxis on presentation, frequent occurrence of mucocutaneous telangiectases, and multisystem arteriovenous malformations (AVMs). [1] [2] [3] [4] [5] [6] The prevalence of HHT varies by geographical location and is estimated to be 2.6 to 42.5 out of 100 000 patients. 1, 7 The clinical presentation of HHT varies and is usually dependent on the underlying vascular abnormalities. 1, 8, 9 According to Guttmacher et al, 1 the presenting symptoms of HHT can be divided into 5 major categories: nose, skin, lung, brain, and gastrointestinal tract. The most common clinical manifestation was reported to be recurrent epistaxis (70%-90%), followed by mucocutaneous telangiectases (60%-89%), gastrointestinal tract bleeding (16%-40%), and pulmonary AVM-related symptoms (30%-59%). Although neurological symptoms are present in 11% of all HHT cases, 2, 10 two-thirds of these cases are manifested by underlying pulmonary vascular malformations such as pulmonary AVMs or arteriovenous fistulas, which causes paradoxical emboli or cerebral ischemia as a result of direct pulmonary right-to-left shunting. 1, 3, 11 Cerebral vascular malformations are directly related to the neurological symptoms for the remaining third of these patients.
Patients with a diagnosis of HHT are generally recommended to undergo brain imaging screening, as they are at significant risk of developing cerebral vascular malformations. Previous studies have reported the prevalence of intracranial vascular malformations to be 3.7% to 18.6%, with 48.7% to 91.7% of these malformations being AVMs. 3, 5, 7 Few studies have described in detail the clinical manifestations of HHT-related AVMs due to its rarity. The majority of presenting symptoms are reported to be non-neurologic, and the most common presentation of intracranial AVMs is either incidental discovery or atypical headaches. 3, 5, 7 Angiographic features of these AVMs are considered to be distinctly different from sporadic AVMs, as they demonstrate a tendency of having multiple nidi, smaller size, and more cortical locations with superficial drainage. 3, [5] [6] [7] [8] Although the hemorrhagic risk of HHT-related AVMs is generally perceived to be relatively low, the actual rate is significantly underreported in current literature. To our knowledge, there are only 2 studies that reported annualized risk for HHT-related AVMs. The most recent study conducted by Kim et al 12 revealed the subsequent hemorrhagic rate of HHT-related AVMs after diagnosis to be 1.02% per patient per year, which is almost twice the risk compared to the previously reported annualized rate of 0.41% to 0.72% per patient per year by Willemse et al in 2000. 3 The real hemorrhagic risk associated with HHT-related AVMs remains unclear and warrants further investigation to provide guidance for appropriate selection of management strategy. In this study, we report clinical and angiographic features of patients diagnosed with HHT and intracranial AVM in order to clarify the clinical manifestations and hemorrhagic risk associated with this disease.
METHODS Data Collection and Definition of Variables
We performed a search of all patients diagnosed with HHT in an institutional database of intracranial AVMs from January 1990 to December 2013. Patient data in the database were both retrospectively chart reviewed and prospectively collected. All patients had a confirmed diagnosis of intracranial AVMs by digital subtraction angiography. The diagnosis of HHT in our institution was well documented, and we further confirmed the diagnosis using the criteria introduced by Shovlin et al in 2000. 13 We excluded patients with missing critical baseline clinical or angiographic data, or if they were lost to follow-up. Demographic, clinical, and angiographic data were collected and retrieved from the institutional database for both sporadic AVM patients and patients with HHT-related AVMs. Age of patients was defined as age at diagnosis of the AVM. All demographic and clinical parameters were compared between patients with sporadic AVMs and patients with HHT-related AVMs. For angiographic data, lesion-related features were compared between the 2 groups on a per-lesion basis.
Calculation of Hemorrhagic Risk
Annualized hemorrhagic risk was calculated as the number of intracranial hemorrhages (ICH) divided by total patient-years or lesion-years during observation period of the AVM. The observation period for an untreated AVM was defined as the interval between the date of AVM diagnosis to the date of last follow-up. For patients who underwent treatment of an AVM, the observation period was defined as the interval between AVM diagnosis and the first treatment targeted at the intracranial AVM. The hemorrhagic risk was presented as both per-patient risk and per-lesion risk.
Statistical Analysis
Student's t test was used for continuous variables where the distribution was Gaussian, whereas Wilcoxon rank-sum test was used if the distribution was non-Gaussian. Uncorrected x 2 test or Fisher's exact test was used where appropriate depending on individual cell sample size. Hemorrhagic risk was tested using Poisson rate ratio test. All P values were reported as 2 sided, defined as significant if P , .05, and all statistical analyses were performed using R Statistical Software (Version 3.1.1, 2013; Vienna, Austria).
RESULTS

Study Cohort
A total of 531 patients diagnosed with intracranial AVM with complete baseline and follow-up information were retrieved from an AVM database of 691 patients. Of the 531 AVM patients, 12 patients (2.3%) were clinically diagnosed with HHT and were found to have a total of 23 AVMs. All other patients (n = 519) without diagnosis of HHT harbored a single intracranial AVM. Therefore, our finalized study cohort consisted of 531 patients with a total of 542 AVMs.
Baseline Characteristics
The average age of all patients was 36.5 years, with an average age of 23.3 6 16.9 years in the HHT group and 36.8 years 617.5 in the non-HHT group (P = .02). No significant difference was found in sex (P = .82) and race (P = .13) between the 2 groups. Patients with sporadic AVMs were more likely to present with hemorrhage as compared to patients with HHT-related AVMs (P = .04). Mean modified Rankin scale (mRS) was significantly lower (P , .01) in the HHT group as a result of milder presenting symptoms. Patients with HHT-related AVMs were also less likely to present with seizure and headaches as compared to patients with sporadic AVMs. A detailed description of the comparison is depicted in Table 1 .
Clinical presentation and lesion characteristics of all 12 patients with HHT-related AVMs are illustrated in Table 2 . All patients in the HHT group presented with at least one non-neurological symptom, and 41.7% (n = 5) had neurological symptoms. The only patient with a ruptured presentation was a 6-month old pediatric patient (Patient 10) diagnosed with HHT and an extremely diffuse multi-compartment intracranial AVM with the maximum diameter measuring 8 cm. Multiple AVMs were found in 6 patients (50.0%), with 2 patients each having 4 intracranial AVMs, 1 patient having 3 AVMs, and 3 patients each having 2 AVMs. A total of 23 AVMs were found in 12 patients with HHT, which is approximately 2 lesions per person. Ten patients (83.3%) were found to have extracranial AVMs, with all of them having pulmonary AVMs and one of them having multi-organ involvement. About half (n = 7, 58.3%) of all patients with HHT were asymptomatic or presented with non-neurological symptoms.
Angiographic Characteristics
Angiographic characteristics of all AVMs (n = 542) are described in detail in Table 3 . The average AVM size in patients with HHT was 1.6 cm, which was significantly smaller than sporadic AVMs (3.1 cm) in our study cohort (P , .01). Furthermore, we also observed a trend towards significance for less deep venous drainage in HHT-related AVMs (P = .06). As a result, HHTrelated AVMs had lower Spetzler-Martin grades compared to sporadic AVMs. There was no difference in location distribution of AVMs between the 2 groups except for less temporal lobe involvement (P = .02) in HHT-related AVMs.
Treatment and Follow-up
In the HHT group, only 2 patients (16.7%) were treated with surgical resection of the AVM with no residual or neurological deficits. Both patients presented with a single unruptured SpetzlerMartin grade 1 AVM, with one in the left frontal lobe and the other in the right temporal lobe. The only patient with a ruptured presentation in this cohort was conservatively managed considering his young age, the extensive size, and deep location of his AVM. No subsequent hemorrhages occurred at the last follow-up 9 years from his presentation. Detailed description of this patient is illustrated in Case Presentation 2. The majority of patients (n = 433, 83.4%) in the non-HHT group were treated, with treatment modalities as follows: surgery 6 embolization (n = 123, 23.7%), radiosurgery 6 embolization (n = 270, 52.0%), surgery 1 radiosurgery 6 embolization (n = 270, 2.5%), embolization alone (n = 270, 5.0%), and conservative management (n = 87, 16.8%). Of note, 82.7% (n = 158) of ruptured patients and 85.5% of unruptured patients with seizures (n = 106) in the non-HHT group were treated. Patients with HHTrelated AVMs were regularly followed for management of systemic diseases and were generally recommended to undergo annual brain MRAs. During the entire period of follow-up, no AVM progression or de novo AVM formation was observed.
Hemorrhagic Risk
The total observation period for calculating per-patient hemorrhagic risk is 1393.4 patient-years for the non-HHT group, and 149.6 patient-years for the HHT group (Table 4) . One patient in the HHT group (8.3%) and 32 patients in the non-HHT group (6.2%) experienced at least one hemorrhage event during the observation period. Of note, 2 hemorrhages occurred in 1 patient in the HHT group, and 42 hemorrhages occurred in 32 patients in the non-HHT group. Although the annualized hemorrhagic risk was lower for the HHT group as compared to the non-HHT group (1.3% vs 3.0%, respectively), the difference was not found to be significant (P = .37). Interval to first subsequent hemorrhage after diagnosis was shorter in the non-HHT group with an average of 2.4 years compared to 10.8 years in the HHT group (P , .01). The observation period for HHT-related AVM on a per-lesion basis was 297.5 lesion-years, translating to an annualized hemorrhagic risk of 0.7% per AVM per year ( Table 5 ). The difference in hemorrhagic risk was significantly different between HHT and non-HHT group on a per-lesion basis (0.7% vs 3.0%, respectively, P = .02).
Case Presentation 1
A nineteen-year-old female (Patient 5) presented with recurrent epistaxis, headaches, speech difficulty, light sensitivity, numbness and weakness of extremities and was clinically diagnosed with HHT syndrome (recurrent spontaneous epistaxis, father with HHT, multiple cerebral AVMs). She was found to have 4 cerebral AVMs located on the left medial midbrain, bilateral thalamic, and right lateral ventricular choroidal region, measuring 1.5, 0.8, 0.6, and 0.4 cm, respectively. The lesions were well appreciated on both digital subtraction angiography and DynaCT (Siemens Medical Solutions USA, Inc., Malvern, Pennsylvania) ( Figure 1 ). There were also sporadic mild telangiectasias on her face and tongue. Observation was recommended for her cerebral AVMs, as they were considered to have low bleeding risk. Eight years later at the age of 28, she was evaluated again for her brain AVMs, as she was planning to become pregnant. Her intracranial AVMs were found to be unchanged, but an incidental pulmonary AVM was found in her right lower lobe. The intracranial AVMs were not considered a contraindication for her pregnancy, but treatment of her pulmonary AVM was advised. The patient underwent successful embolization of her pulmonary AVM and subsequently had an uncomplicated pregnancy. The patient was neurologically intact on last follow-up.
Case Presentation 2 A 6-month-old male infant (Patient 10) with uncomplicated pregnancy and normal development experienced several days of lethargy and emesis. On presentation, the patient was found to be irritable with intermittent seizures and multiple telangiectases on the skin. Past medical history was notable for frequent episodes of spontaneous epistaxis. Head computed tomography demonstrated right caudate hemorrhage with intraventricular hemorrhage. Digital subtraction angiography showed a diffuse AVM located primarily in the bilateral basal ganglia and right cerebellum with at least 4 compartments (Figure 2) , with a maximum diameter measuring 8 cm. The clinical diagnosis of HHT was confirmed based on his presentation (recurrent spontaneous epistaxis, multiple skin telangiectasias, intracranial AVMs). The patient was considered for radiosurgery for the right caudate compartment of the AVM, but ultimately deemed a poor candidate due to indistinct borders; therefore, no treatment was given. The patient recovered with a mild right hemiparesis, and he was maintained on seizure prophylaxis. At the age of 4 years, he was found to have developmental delay and strained cardiac function due to high output. By the time of last follow-up at 10 years-old, the patient had experienced intermittent episodes of complex partial seizures and epistaxis, but otherwise no additional intracranial hemorrhages.
DISCUSSION Clinical Manifestations and Angiographic Characteristics
To our knowledge, this is the first study to compare the clinical and angiographic characteristics between sporadic AVMs and HHT-related AVMs. We found that patients with HHT-related AVMs generally presented at a younger age due to frequent onset of non-neurological symptoms such as recurrent epistaxis or skin telangiectasias, which prompted further screening of HHT-related The AVM in this patients was determined to have multiple compartments instead of multiple AVMs because the nidus were joined together and the border could not be well delineated.
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lesions, and eventually leading to the earlier detection of intracranial AVMs. More than half of our patients with HHTrelated AVMs (n = 7, 58.3%) had an asymptomatic or nonneurological presentation, which was consistent with previous studies where asymptomatic presentation was reported to be 45.8% to 61%. 3, 12 In regards to neurologic manifestations, we observed a lower risk of rupture in patients with HHT; for patients with unruptured AVMs, most presented with headaches instead of seizures. These findings were concordant with current literature. 3, 12 Angiographic features of HHT-related AVMs were considered to be distinctly different from sporadic AVMs. Existing studies found that HHT-related AVMs were smaller in size and more frequently located in non-eloquent areas with superficial drainage. 3, 7 Patients with HHT were also noted to have an increased risk of developing multiple intracranial AVMs. Our current study confirmed the smaller size (1.6 cm, P , .01) and multiplicity of AVMs (50.0%). We observed a tendency towards less frequent deep venous drainage (P = .06), but failed to observe a difference for eloquent location (P = .47). Of note, the proportion of HHTrelated AVMs with deep venous drainage (26.1%) and eloquence (56.5%) in our study was comparable to the reported proportion in current literature. 3, 5, 7 The non-significance was most likely a result of the small sample size in the HHT group. Therefore, whether HHT-related AVMs are truly more likely to be noneloquent with superficial drainage remains unclear, and needs to be further investigated in a larger cohort.
Hemorrhagic Risk
Our current study demonstrated a significantly lower risk of ruptured presentation (P = .04) in HHT patients, with only 8.3% of all HHT-related AVM patients presenting with an ICH as compared to 36.8% in the non-HHT group. Although HHTrelated AVMs were generally considered to have a more benign natural history, conflicting rates of hemorrhagic presentation Kim et al 12 who noted the risk to be 14% in the Brain Vascular Malformation Consortium (BVMC) study. On the contrary, Maher et al 5 reported a 50% ICH presentation rate in their cohort of 10 HHT-related AVM patients. Similarly, in a case series of 11 pediatric HHT-related AVMs reported by Saleh et al, 8 the hemorrhagic presentation risk was reported to be 36.4%. The presentation of AVM was subject to variations in the detection, as early onset of HHT-related symptoms leading to suspicion of potential presence of intracranial AVMs may result in early detection of AVMs in its unruptured form. Therefore, differences in screening protocols for intracranial AVMs in HHT patients would influence the hemorrhagic presentation risk.
Another method to evaluate hemorrhagic risk is to quantify the risk of subsequent hemorrhage after detection of AVMs in HHT patients. Including our current study, there are only 3 studies that quantified the risk of subsequent hemorrhage after detection of AVMs in HHT patients. Willemse et al 3 were the first to calculate an annualized hemorrhagic risk for HHT-related AVM patients. In their cohort of 196 HHT patients, 22 patients were found to have a total of 28 intracranial AVMs with an annualized hemorrhagic risk of 0.41%-0.72% per patient and 0.36%-0.56% per AVM. In a more recent study by Kim et al 12 in 2015, the hemorrhagic risk was reported at a higher rate of 1.02% (CI = [0.42-2.44]) per patient per year, with ruptured cases having a risk as high as 10.07% per patient per year. Our current study features the first to directly compare baseline characteristics and hemorrhagic risks between sporadic AVMs and HHT-related AVMs. Although we failed to observe an association between rupture presentation and subsequent hemorrhage in HHT-related AVMs, our overall estimated annualized hemorrhagic risk of 1.3% per patient for HHT-related AVMs and 3.0% per patient for sporadic AVMs was compatible with the previously reported rates.
The hemorrhage risks presented in these studies need to be interpreted with caution. The rarity of subsequent ICH has greatly limited the ability to generate reliable annualized hemorrhagic risks for these studies. In a combined cohort of 187 patients (current study, Willemse et al, 3 and Kim et al 12 ) , only 6 patients (3.2%) experienced a subsequent hemorrhage after diagnosis of intracranial AVMs. Willemse et al 3 did not observe any hemorrhagic event during an average observation period of 6 years; therefore, they calculated the upper limit of hemorrhagic risk by adding a hypothetical hemorrhage in their follow-up period. Of note, the lower end of the estimated risk in their study was calculated using the interval from birthdate to last follow-up under the assumption that these AVMs were congenital, which significantly elongated the follow-up period. Using the same methodology, our estimated hemorrhagic risk would be 0.7% per patient per year, which was comparable to the described risk. However, given increasing evidence in current literature describing de novo AVMs, [20] [21] [22] [23] [24] [25] the actual risk of hemorrhage was potentially underestimated, as HHT-related AVMs might be acquired instead of congenital. On the other hand, the hemorrhagic event in the study by Kim et al 12 was defined as the first ICH event after detection of AVM. The authors did not report how many ICHs occurred during the entire follow-up period. Therefore, the hemorrhagic risk in this study might also be underestimated, as all subsequent ICH after the first ICH were excluded from the calculation.
Frequent presentation of multiple intracranial AVMs also complicated the analysis process. To overcome these difficulties, a per-lesion risk was reported along with per-patient risk. Although both our study and the study by Willemse et al 3 were able to generate a per-lesion risk, the calculation and interpretation of per-lesion risk remained a challenge. Determination of the causal lesion for hemorrhage might not be possible if all AVMs were anatomically proximal to each other. Furthermore, on some occasions, it was difficult to angiographically distinguish between multiple AVMs and a single AVM with multiple compartments. It was also unclear whether the rupture of one AVM was an independent event without involvement of the other AVMs. Therefore, without further evidence, simply adding per-lesion hemorrhagic rate together for a patient with multiple intracranial AVMs might not be representative of the true hemorrhagic risk in this patient.
Management Strategy
Selection of management strategy for patients with HHTrelated AVMs seemed to be less controversial. Although a significant proportion of HHT-related AVMs present as accessible and low risk lesions that may be deemed favorable to treat when assessed using similar criteria for treatment of sporadic AVMs, the pathophysiology between these 2 groups of lesions is different, and the determination of treatment should be considered from different perspectives. First, the assessment of the risk associated with treatment might be complicated by presentation of multiple lesions. Secondly, given the more dynamic nature of these lesions provided by numerous reports on lesion growth or regression, [26] [27] [28] the determination of prognosis might be further complicated by frequently changing angiographic parameters. In addition, under most circumstances, the most compelling presenting symptoms were usually non-neurologic; therefore, the priority of treatment should be directed to other HHT-related lesions instead of intracranial AVMs. Finally, the hemorrhagic risk of the intracranial component had been reported to be significantly lower than sporadic AVMs. Although we did not observe a statistical significance in difference between per-patient risk between the 2 groups, it should be noted that the non-HHT group still conferred a 2.5-fold higher risk than HHT-related AVMs, and the per-lesion risk demonstrated significant difference between the 2 groups. In addition, the severity of ICH seemed to be milder in HHT-related AVMs. Compared to the reported mortality rate of 5.6% to 53.6% after ICH in sporadic AVMs, [17] [18] [19] [29] [30] [31] [32] no mortality was associated with hemorrhagic presentation or subsequent hemorrhage in our current study or the existing literature. Considering the risk-to-benefit ratio of treatment, HHT patients generally benefit from close follow-up without aggressive pursuit for obliteration of intracranial HHTrelated AVMs. However, in light of the successful surgical resection of the 2 cases in our series, along with existing reports of successful treatment of HHT-related AVMs, 6, 33 definitive treatment of these lesions may still be warranted for controlling hemorrhagic risk and intractable seizures for patients with low grade and accessible HHT-related AVMs, provided that the treatment risk profile is favorable.
Limitations
Our study has several limitations and need to be addressed for accurate interpretation of the results. Most data in this study were retrospectively acquired and might have observation bias and attrition bias. Although bias and loss of information was inevitable in this kind of study, we rigorously minimized these shortcomings by comparing and extracting data from different sources of information including medical records, image studies, and patient-order-entry documents. In our database of 696 AVM patients, data attrition was found in 23.7% of all our patients, resulting in a study cohort of 531 AVM patients. Nevertheless, despite some attrition in our study cohort, we managed to perform analysis on the majority (76.3%) of our patients, and no patients in the HHT group were excluded despite data attrition. The early detection of HHT-related AVMs might elongate the observation period and potentially underestimates the risk of hemorrhage. However, some of the differences in the observation period between the 2 groups are also related to the calculation method we utilized. The observation period for treated patients, which was defined as the interval between diagnosis and treatment, is generally short. Because most patients in sporadic AVMs were treated, a significantly shorter period was observed. Compared to only 16.7% treated patients in the HHT group, 83.4% of the patients (n = 433) in the non-HHT group were treated. The average observation interval in the treated sporadic AVM group was 1.67 years; in contrast, for conservatively managed sporadic AVM patients, the average observation time was 7.80 years. Another limitation that was associated with this study was the small sample size of the HHT group. Similar to the other 2 studies describing hemorrhagic risk of HHT-related AVM, the rare occurrence of subsequent ICH might result in a wide variance in our reported hemorrhagic risk, and limited our capacity of stratifying the risk by potential confounding factors. In addition, the large difference of sample size between the HHT group and non-HHT group may introduce additional statistical biases. However, our current study still adds one more patient with subsequent hemorrhage to a very small cohort, and the results of our study should provide valuable information for further investigation of true hemorrhagic risk in this population.
CONCLUSION
Patients with HHT-related intracranial AVMs present at a younger age with milder presenting symptoms and more often harbor multiple intracranial AVMs. These AVMs are smaller in size, with lower Spetzler-Martin grades, and less frequent temporal lobe involvement. Under most circumstances, conservative management should be recommended given the multiplicity and relatively lower risk of hemorrhage. Definitive treatment of HHTrelated AVMs may be warranted for symptomatic and accessible lesions.
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